The nucleotide sequences of the genome RNA species (RNA-1 and RNA-2) of three strains of tobacco rattle virus OR, SYM and CAM, were compared by hybridization with complementary DNA copies. Strain OR was found to contain two RNA-2 species, which differ by about 5 × 104 in mol. wt. (150 nucleotides), but about 90~ of whose nucleotide sequences are homologous. The larger of the two contained the genetic information for yellow symptoms in infected Nicotiana spp., whereas the smaller, which probably arose from it by mutation, did not. The RNA-2 species of strains OR, SYM and CAM had no detectable nucleotide sequences in common. RNA-1 of strain OR and of strain SYM were almost identical in sequence, but had no detectable sequence in common with RNA-1 of strain CAM. Only in strain CAM was any nucleotide sequence homology between RNA-1 and RNA-2 detected, amounting to about 450 residues.
INTRODUCTION
Isolates of tobacco rattle virus (TRV) have been reported from many parts of the world, including Europe, North and South America, and Japan. All have rod-shaped ribonucleoprotein particles of two predominant lengths, only the longer of which is infective; the shorter contains the information for coat protein. Isolates differ considerably from one another in many biological properties (Harrison & Robinson, 1978) , and perhaps most notably in the length of the shorter nucleoprotein particle. Harrison & Woods (1966) compared the particle lengths of a range of strains and found that, although long particles of different strains had rather similar modal lengths (185 to 197 nm), short particles of different strains ranged in modal length from about 50 to 115 nm. Each particle type contains an RNA species of corresponding size, with about 1.3 x 104 daltons (40 nucleotides) of RNA per nm of nucleoprotein particle. Thus, long particles contain RNA of mol. wt. 2-4 x l06 to 2.5 × [0 6 (about 7000 nucleotides) (RNA-1), whereas the mol. wt. of RNA from short particles (RNA-2) ranges from 0-7 x 10 6 to 1"5 × 106 (2000 to 4500 nucleotides) (Cooper & Mayo, 1972; Reijnders et al., 1974) .
The serological relationships between TRV strains were reviewed by Harrison & Robinson (1978) . A large group of strains, designated serotype I-II, seems to have a continuous range of relationships from the very close to the more distant. The remaining strains have little in common antigenicaUy with this group, and are referred to as serotype III. This grouping is supported by the results of plant-protection tests and of tests of the ability of strains to form pseudorecombinants This paper describes hybridization analyses using complementary DNA (cDNA) copies of RNA species from three representative TRV strains, designed to investigate the relationships between the two RNA species of TRV, and between the RNA species of different strains of the virus. The strains used were CAM (Harrison & Woods, 1966) , which is the only wellcharacterized strain of serotype III, and two representatives of serotype I-II, Oregon yellow (OR; and SYM (Kurppa et al., 1981) . These three strains are only distantly related serologically (Kurppa et al., 1981) . In addition, they differ greatly in length of METHODS Purification andfraetionation of virus particles. Particles of strain SYM were purified as described by Kurppa et al. (1981) . A similar method was used for strain OR, except that 2-mercaptoethanol was omitted from the extraction buffer and, after freezing and thawing, virus particles were precipitated by adding 100 g polyethylene glycol (PEG) 6000 and 20 g NaCl/litre of extract. After stirring for 1 h at 4 °C, virus particles were collected by low-speed centrifugation, and further purified by two cycles of high-and low-speed centrifugation. Particles of both strains were fractionated as described by Kurppa et al. (1981) .
For strain CAM, frozen sap was thawed, clarified by low-speed centrifugation, and PEG 6000 and NaC1 were added to final concentrations of 60 g/l and 12 g/1 respectively. The precipitate contained mainly long particles, which were further purified by another cycle of precipitation under the same conditions, followed by sedimentation in the ultracentrifuge. Short particles were precipitated from the supernatant fluid of the first PEG precipitation step by increasing the concentration of PEG 6000 to 100 g/l and that of NaCI to 20 g/l, and were further purified by ultracentrifugation and a single cycle of sucrose density gradient sedimentation (Robinson & Mayo, 1978) . RNA extraction. Virus particle fractions were resuspended in 10 mM-Tris-HC1 pH 7-6 + 50 mM-NaC1 + 0"5% (w/v) SDS and emulsified with an equal volume of water-saturated phenol containing 10 % (vJv) m-cresol and 0.1% 8-hydroxyquinoline. The phases were separated by centrifuging, the phenol phase re-extracted with an equal volume of the same buffer, and the two aqueous layers combined. RNA was precipitated with 2.5 vol. ethanol at -20 °C, and the precipitate washed twicewith 70% ethanol.
Some preparations of RNA were extracted from particles after only a single cycle of density gradient fractionation, and further purified either by electrophoresis in, and elution from, 2.2% polyacrylamide slab gels (Schwinghamer & Symons, 1977) or by sedimentation (16 h at 23 000 rev/min in a Beckman SW27 rotor) through a 10 to 40% sucrose density gradient in 20 mM-Tris-HCl pH 8-5 + 0.1 M-NaC1 + 1 mM-EDTA.
Complementary DNA-RNA hybridization. Preparation of 3H-labeUed cDNA copies, conditions for hybrid formation and conditions for assay using S1 nuclease were as described by Robinson et al. (1980) . Estimates of Rot~ (initial RNA concentration × time, for 50% hybridization) were obtained by fitting the equation for pseudo-first order kinetics using the R'EVOL programme of Koeppe & H amann (1980) on a Tektronix 4051 microcomputer.
Polyacrylamide gelelectrophoresis. Non-denaturing gels contained 2-2% acrylamide and 0.11% N,N'-methylenebisacrylamide. Electrophoresis buffer was 0.04 M-Tris, 0-02 M-sodium acetate, 0.002 M-EDTA, pH 7.2. RNA samples were dissolved in formamide + electrophoresis buffer (9 : 1), heated at 40 °C for 3 min and chilled on ice. After electrophoresis for 4 h at 4 mA/gel, gels were stained for 30 min with 0-05% toluidine blue in electrophoresis buffer, and destained in water.
Electrophoresis at 60 °C in gels containing 8 M-urea was done as described by Murant & Taylor (1978) , except that the concentration of acrylamide was 2-1%.
Electron microscopy. Preparations of virus particles were examined on carbon-coated grids stained with 2% ammonium molybdate pH 7-0. The particles were photographed at fixed magnification, and their lengths measured with a digitizer, essentially as described for RNA molecules by Murant et al. (1981) . Frequency distributions were calculated using length classes at 1 nm intervals.
RESULTS

Components of strain OR
Strain OR was originally obtained from Dr R. M. Lister in 1970 and was maintained in Nicotiana clevelandii. Samples of sap stored at -20 °C since 1972 were still infective in 1979, and produced a vivid yellow mosaic in N. clevelandii (Fig. 1, righ0 as described by .
However, when the isolate was maintained in the glasshouse by transfer to fresh plants of N. elevelandii at approximately monthly intervals, it gradually lost the ability to induce yellow symptoms, until after about 2 years, scarcely any yellow symptoms were produced. At this stage, extracts of infected plants still contained large numbers of nucleoprotein particles, observable by electron microscopy, and they produced many lesions when inocUlated to Chenopodium amarantieolor. This behaviour has been observed on two separate occasions, starting each time with sap stored at -20 °C since 1972. Most of the work described in this paper was done when the isolate was at an intermediate stage, having lost most but not all of its ability to produce yellow symptoms. This is the form referred to subsequently~as 'OR', while the form producing vivid yellow symptoms is referred to as 'ORY'.
On non-denaturing polyacrylamide gel electrophoresis, RNA from isolate OR gave a single band corresponding to RNA-1 and a pair of closely migrating bands corresponding to RNA-2 (Fig. 2 a) . This pair of bands could not often be resolved in non-denaturing gels i when they were, the faster migrating was the more strongly stained. In hot urea (denaturing) gels, thispair of bands was always resolved and the faster moving of the pair co-migrated with Escherichia coli 23S rRNA, whose mol. wt. is 1-01 x 106 (2904 nucleotides; Brosius et al., 1980) . The mol. wt. of the second species of RNA-2 was estimated to be 1.06 x 106 (3050 nucleotides). The length distribution of nucleoprotein particles of isolate OR showed a single class of short particles, with a modal length of 88 nm. However, particles containing the two species of RNA-2 would be expected to differ in length by only about 4 nm, and would not have been resolved as separate length classes.
Another isolate, designated OR4, was obtained from isolate OR by four consecutive singlelesion passages in C. amaranticolor, using the procedure described by Robinson (1973) . This isolate produced no yellow symptoms in N. clevelandii (Fig. 1, left) , and has not done so during 2 years of maintenance in N. clevelandii or N. tabacum 'Samsun NN'. Similarly, yellow symptoms were not produced when OR4 was inoculated to N. glutinosa, N. rnegalosiphon, Petunia hybrida, C. amaranticolor, C. quinoa, Phaseolus vulgaris or Spinacia oleracea.
Attempts to obtain an isolate that would induce yellow symptoms in Nicotiana spp. by culturing virus from single lesions in C. amaranticolor inoculated with sap from ORY-infected plants were unsuccessful. All of 200 single lesions tested proved to contain NM forms, i.e. forms consisting of RNA-1 replicating on its own that do not produce virus particles. However, when a preparation of ORY nucleoprotein particles enriched with short particles was obtained by a single cycle of sucrose density gradient sedimentation and was inoculated to C. amaranticolor, one of the resulting lesions yielded an isolate of the M-type (i.e. a particle-producing isolate, containing RNA-1 and RNA-2) that produced yellow symptoms in N. clevelandii indistinguish- * Percentage ofcDNA-2 resistant to S1 nuclease digestion after incubation at 60 °C for 2.5 h with RNA-2 to Rot = 3-5 x 10 -1 mol.s/l, or without RNA. t Not determined. * Percentage ofcDNA-1 resistant to S 1 nuclease digestion after incubation at 60 °C for 2.5 h with RNA-1 to Rot = 3.5 x 10 -1 mol.s/1, or without RNA.
t Not determined.
able from those of ORY itself. This isolate was passed twice more through single lesions and designated OR3. RNA preparations from isolates OR3 and OR4 always gave single RNA-2 bands in polyacrylamide gel eletrophoresis. In denaturing gels, RNA-2 of OR3 was clearly resolved from E. coli 23S rRNA (Fig. 2b) , whereas that of OR4 was not. It was therefore concluded that OR3 contains the RNA-2 species of mol. wt. 1-06 x 106 (3050 nucleotides), and OR4 that of 1.01 x 106 (2900 nucleotides).
When cDNA copies of RNA-2 from OR3 were hybridized with RNA-2 from OR4, or when cDNA copies of RNA-2 from OR4 were hybridized with RNA-2 from OR3, at Rot values of 3.5 x 10 -1 mol.s/1 (at which maximum annealing occurs, see Fig. 4 ), the amounts of radioactivity that became resistant to digestion with S 1 nuclease in each instance were between 90 and 929/0 of the amounts resistant in parallel hybridizations between the cDNA preparations and their homologous RNA species. Thus about 90~ of the nucleotide sequences of these two RNA species are homologous. Table 1 lists the percentages of cDNA-2 of strains OR, SYM and CAM that became resistant to S1 nuclease digestion after hybridization to a Rot value of 3-5 x 10 -1 mol-s/1 with homologous and heterologous RNA-2 species. In none of the heterologous combinations was significantly more resistance found than in control experiments without RNA incubated under hybridization conditions for the same length of time. In kinetic hybridization experiments with these same heterologous combinations, there was no trend of resistance with Ro t value. These experiments therefore provide no evidence for any common sequence shared by RNA-2 of OR on the one hand and that of SYM or CAM on the other. * Melting temperature (°C) of hybrids, defined as the temperature at which 50% of the 3H-labelled cDNA in the hybrid remained insensitive to S1 nuclease digestion, in the experiment described in Fig. 3. value was observed. There was therefore no evidence of common sequences shared by RNA-1 of OR and CAM. From the scatter of measurements over the range of Rot from 3.4 x 10 -4 to 3.5 x 10 -1 mol.s/1, it is estimated that not more than 2-5~, or 6 x 104 daltons (170 nucleotides), of homologous sequence could have remained undetected in these experiments.
Homologies between RNA-2 species from different strains
Homologies between RNA-I species from different strains
Hybridizations between RNA-1 species from OR and SYM and their cDNA copies (Table 2 ) show no significant difference between the maximum extents of hybridization in the homologous and heterologous combinations. Thus the sequences of these two RNA species are extremely similar. To investigate further the degree of similarity between these two RNA species, melting curves for their hybrids with homologous and hetero!ogous cDNA copies were obtained (Fig. 3) . All four hybrids melted with sharp thermal transitions. The curves for the hybrids OR RNA-1/OR cDNA-1 and SYM RNA-1/OR cDNA-1 were indistinguishable, although the hybrid SYM RNA-1/SYM cDNA-1 seemed to be slightly more stable than OR RNA-1/SYM cDNA-1. The estimated melting temperatures (Tin) are listed in Table 3 . Wetmur (1976) concluded that Tm is decreased by argund 1 °C per percent of base pairs mismatched, so that the results in Table 3 imply not more than 4~o mismatching in the heterologous hybrids. Homology between RNA-1 and RNA-2 Fig. 4 (upper curves) shows the kinetics of hybridization of cDNA copies of RNA-1 and RNA-2 of OR to their homologous RNA species. At the highest concentrations of RNA, about 60 °/of the cDNA became resistant to S1 nuclease, and this value is taken to represent 100~o hybridization. Conversely, in the absence of RNA, less than 5 ~ of the cDNA was resistant, and this is taken to represent 0K hybridization. In each instance a single sharp transition was observed.
Hybridization of cDNA-1 with RNA-2 and of cDNA-2 with RNA-1 for OR was detected only at high values of Rot (Fig. 4, lower curves) . The curves are consistent with contamination of the RNA-2 preparation with between 1 and 2 ~ RNA-1, and of the RNA-1 preparation with less than 0.1 ~ RNA-2. No evidence for sequences common to the RNA species was obtained, and it is estimated that such sequences, if present at all, account for no more than 2 ~ of either species.
Experiments using RNA-I and RNA-2 of SYM with their cDNA copies in homologous and heterologous combinations gave results similar to those obtained with OR. The heterologous hybridization curves were consistent with mutual contamination of each RNA preparation by the other RNA species, to the extent of between 2 and 3 ~. As with OR, there was no evidence for sequences common to the two RNA species; in this instance it is estimated that such sequences would have been detectable if they amounted to 5 ~ or more of either species.
Experiments with CAM gave different results (Fig. 5) . The homologous reactions gave the expected sharp transitions, with Rot~ estimated to be 6-6 × 10 -3 mol.s/1 for cDNA-1 versus RNA-1, and 1-6 × 10 -3 mol-s/1 for cDNA-2 versus RNA-2. However, when cDNA-1 was hybridized with RNA-2 a more complex kinetic behaviour was observed (Fig. 5 a) . At relatively low values of Rot, 9 ~ of the cDNA-1 hybridized with a Rot~ of about 2.4 × 10 -3 mol-s/1. If the sequences in the cDNA-I preparation are uniformly representative of those in RNA-1, this implies that 9~ of RNA-I sequences, which would amount to about 2.2 × 105 daltons (650 nucleotides), are also present in RNA-2. The expected Roq value for reaction of these sequences in an RNA-2 preparation would be equal to Rot~ for the homologous reaction between cDNA-1 and RNA-1 multiplied by the ratio of the mol. wt. of RNA-2 and RNA-1, and is about 1-7 × 10 -3 mol.s/l. This is in reasonable agreement with the observed value. At higher values of Rot, more of the eDNA reacted', and this reaction was incomplete at the highest value of Rot used. This part of the curve represents the reaction of eDNA-1 with contaminating RNA-1 in the RNA-2 preparation, and is consistent with this contamination amounting to 0-2~ of the RNA. In the converse reaction between eDNA-2 and RNA-1, the kinetic curve (Fig. 5 b) again showed evidence of a biphasic reaction, but the two phases were not clearly separated. However, an inflection was regularly observed at about 23 ~ of the eDNA-2 hybridized. This is consistent with the reaction first of about 1.4 x 105 daltons (450 nucleotides) of common sequence in RNA-1 and then of contaminating RNA-2, estimated to amount to about 3 ~ of the preparation.
DISCUSSION
Electrophoresis of RNA in polyacrylamide gels showed clearly that our culture of strain OR contains three RNA species, two of which are of similar tool. wt. and seem to be two distinct species of RNA-2 dependent on a single RNA-1 species. The larger one carries the genetic information required for the production of yellow symptoms in infected plants, while the smaller one does not. Their mol. wt. are sufficiently close together that the nucleoprotein particles in which they are contained are not distinguishable by length measurements in the electron microscope, and would probably not be resolvable in sucrose density gradient centrifugation. It is therefore quite possible that all three components were present in the original isolate described by . They were certainly present in our culture of the strain by 1972. The possibility that an additional RNA-2 species may have been acquired at some time by contamination from another TRV strain seems unlikely because there is no obvious candidate strain with short particles close to 88 nm in length. In particular, strains Oregon mild and Oregon severe have short particle lengths of 81 nm and 100 nm respectively . The most probable explanation is that the RNA-2 species that induces yellow symptoms was the dominant or only RNA-2 in the original Oregon yellow isolate, and that the smaller RNA-2 was either present initially as a minor component, or was generated shortly afterwards.
D.J. ROBINSON
The extensive sequence homology and small difference in size between the two RNA species strongly suggest that the smaller RNA-2 was derived from the larger by a mutational event or events, including a deletion of about 150 nucleotide residues. However, if the mutation were a deletion only, then it would .be expected that all of cDNA-2 of OR4 would hybridize with RNA-2 of OR3 while about 95 ~ of cDNA-2 of OR3 would hybridize with RNA-2 of OR4. This was not observed; instead about 10~ of each cDNA-2 did not hybridize with the heterologous RNA-2. Thus there seem to be some sequence differences between these two RNA-2 species, apart from the deletion. Whatever the precise nature of the mutation, its biological effect is to abolish the ability to induce yellow symptoms, an ability which showed was determined by the RNA-2 of strain OR. Under the culture conditions used in my work, the mutant RNA-2 had a selective advantage, and gradually increased in proportion until it dominated the culture. This advantage might be a slightly greater rate of replication, which could be a consequence of its slightly smaller size. In the two members of serotype I-II studied (SYM and OR), no homologous sequences common to RNA-1 and RNA-2 were detected. Common sequences of about 60 nucleotide residues in OR or 200 nucleotide residues in SYM would have been detectable. However in strain CAM hybridization of cDNA-1 with RNA-2 showed that common sequences are clearly present. Hybridization of cDNA-2 with RNA-1 also suggested a reaction involving about 23 of the cDNA and a major component of the RNA preparation representing about 1.4 × 10 s daltons (450 nucleotides) of common sequence. This was accompanied by a slower reaction of the remaining cDNA with 3~ of the RNA preparation, presumably contaminating RNA-2. This contamination of the RNAq preparation will have resulted in contamination of the cDNA-1 preparation transcribed from it by cDNA-2 sequences. When the cDNA-1 preparation was hybridized with RNA-2, 9~ of it reacted with the major component of the RNA-2 preparation. If 3~ of this was contaminating cDNA-2 copies, some 6~, representing about 1.5 x 105 daltons of RNA-1, was involved in the reaction of common sequences. A similar conclusion was reached by and on the basis of RNA-RNA competition hybridization experiments.
An alternative explanation for the hybridization results might be that preparations of short particles of strain CAM also contain an encapsidated subgenomic 1-5 x 105 dalton fragment of RNA-1. Several subgenomic RNA species have been detected in leaves infected with Strain CAM (Bisaro & Siegel, 1980 , 1982 but only one of them (mol. wt. 1.1 x 10 6) is generated from RNA-1. Moreover, to account for the observed kinetics of hybridization such an RNA would have to comprise 15 to 25 ~ of the RNA-2 preparation, whereas only small amounts of the subgenomic RNA species can be detected in purified virus preparations (Bisaro & Siegel, 1982) . It seems most probable therefore that RNA-1 and RNA-2 of strain CAM do indeed contain a common sequence or sequences of about 450 nucleotide residues. Although on the basis of the present experiments the possibility that RNA-1 and RNA-2 of strains SYM and OR also contain common sequences cannot be ruled out, they must be much smaller than those of strain CAM. Thus an extensive sequence common to the two parts of the genome is not an essential feature of TRV, and any common sequence required by an RNA-2 for its replication to be supported by a given RNA-I species must be rather small.
Comparison of the RNA-1 sequences of the two serotype I-II strains showed that they are almost identical, while that of the serotype III strain was quite different. The RNA-2 species of the three strains had no detectable sequence homology with one another. Thus no sequence was found that is conserved in all strains of TRV. However, serotype III strains are different from serotype I-II strains in several respects other than serological relatedness and genome sequence (Harrison & Robinson, 1978) . Within serotype I-II, it is tempting to speculate that RNA-1 sequence, like RNA-1 size, is strongly conserved, whereas RNA-2 sequence and size are very variable. Further work on a larger number of strains is required before such a generalization could be justified. However, preliminary experiments suggest that the great majority of SYM RNA-1 sequences are present in RNA from strain PRN, another serotype I-II strain distantly related serologically to strains SYM and OR (Kurppa et al., 1981) . Such a scheme would explain earlier observations on the relative ease of formation of pseudorecombinants between TRV
